The microiodometric assay of Novick for penicillinase was adapted to the Technicon Autoanalyzer system. With this automated method, it is possible to analyze almost 60 samples per hr. Two different procedures are described: in the first, the samples were incubated with substrate in the machine under standardized conditions; in the second, samples were incubated outside the Autoanalyzer and assayed at intervals for penicilloic acid. As little as 5 ,uM penicilloic acid could easily be detected in a sample of 0.4 ml. The reproducibility was very good. The hydrolysis of penicillin in a suspension of nongrowing bacteria as well as in a growing culture could also be followed. The automated method has been used both for kinetic studies and in screening for activity in eluates from column chromatography experiments.
The microiodometric assay of Novick for penicillinase was adapted to the Technicon Autoanalyzer system. With this automated method, it is possible to analyze almost 60 samples per hr. Two different procedures are described: in the first, the samples were incubated with substrate in the machine under standardized conditions; in the second, samples were incubated outside the Autoanalyzer and assayed at intervals for penicilloic acid. As little as 5 ,uM penicilloic acid could easily be detected in a sample of 0.4 ml. The reproducibility was very good. The hydrolysis of penicillin in a suspension of nongrowing bacteria as well as in a growing culture could also be followed. The automated method has been used both for kinetic studies and in screening for activity in eluates from column chromatography experiments.
In our laboratory, we have for several years been studying chromosomally mediated ampicillin resistance in Escherichia coli K-12. In most of our strains, penicillinase (penicillin-f-lactamase, EC 3.5.2.6) has been found to contribute to the resistance. The enzyme was therefore purified and characterized (10) . The fact that the penicillinase has a very low turnover number for ampicillin created a need for a rapid and sensitive assay for the enzyme. We have therefore adapted the microiodometric method of Novick (11) to the Technicon Autoanalyzer system. A brief account of the method was published earlier (4) .
MATERIALS AND METHODS
Bacterial strains, media, and growth conditions. E. coli K-12 strains Gll, Glial, and HltlO were used. Strain GI lal is a derivative of the wild-type strain GIl (Hfr Cavalli) and carries allele 1 of the ampA gene at 82 min (5) . Strain HitlO is a transductant constructed by H. G. Boman and carries ampAl and the wild-type allele for the penicillinase gene pblA. Strain G11 can form single-cell colonies on plates containing a Dampicillin concentration of 1 to 2,g/ml, and the two ampA strains Gl lal and HItlO form single-cell colonies on plates containing 15 to 20 ,jg/ml. Minimal medium was medium E of Vogel and Bonner (14) supplemented with thiamine (1 ,ug/ml), glucose (0.2%), and the amino acids methionine, isoleucine, and valine (100 jug/ml of the L epimer of each amino acid). The complete medium was LB medium of Bertani (2) supplemented with 0.2% glucose and medium E.
The bacteria were grown on a rotary shaker at 37 C. Growth was followed by measuring optical density in a Klett-Summerson photoelectric colorimeter with filter W66.
Apparatus. The Autoanalyzer system consisted in our case of the following standard units: sampler II, a two-speed proportioning pump, a colorimeter with 15-mm flow cell and filter 620-18-28, and a three-point recorder. These units were connected as shown in the flow diagrams given in Fig. 1 and 2 .
Materials. The penicillin derivatives were gifts from Astra, Sodertalje, Sweden; cephalosporins were obtained from Glaxo Laboratories Ltd., Greenford, England; and Neutrapen was from Sceen Laboratories Pharmaceutical Inc., New York, N.Y. Penicillinase from E. coli was purified as described by Lindstrom et al. (10) . Soluble starch according to Zulkowsky was obtained from Merck, Darmstadt, Germany, and according to Smithies, from Connaught Medical Research Laboratories, University of Toronto, Toronto, Ontario, Canada.
Reagents. Double-distilled water was the solvent used for all reagents. Potassium phosphate buffer was used throughout. In analysis of column eluates for enzyme activity, 0.01 or 0.1 M buffers (pH 6.8) were used. Otherwise, 0.1 or 0.05 M phosphate buffers (pH 7.4) were used. Gelatin was obtained from Oxoid.
Starch-iodine solution. A stock solution of iodinepotassium iodide (0.08 M iodine-3.2 M potassium iodide) was made as described by Novick (11) . This stock solution was kept in a brown bottle at 4 C. Soluble starch (Zulkowsky) was dissolved to a concentration of 0.1% (w/v) in 0.01 M potassium phosphate buffer (pH 6.8). Zulkowsky's starch gives a clear solution in this buffer without bciling. Iodine-iodide solution (0.5 to 1.0 ml) was added to 500 ml of starch solution until the desired adsorbance (between 0.7 and 1.0) was reached (see below). On dissolving the starch in water, the standard curves were found not to be linear. If buffers of higher ionic strength or alkaline pH (e.g., pH 7.4) were used, precipitates appeared in the tubings with this type of starch. If the experiments AUTOMATIC DETERMINATION OF PENICILLINASE took more than 3 or 4 hr, we noticed that the blue starch complex adhered to the walls of the tubing, which could occasionally give rise to change of the base line.
In the kinetic studies, using scheme 2, we used 0.2% (w/v) adapted with a filter for 620 nm (620-18-28). The recorder was adjusted to 0 and 95%, transmission with the reference apertures no. 6. The result appeared as peaks on the recorder diagram.
Kinetic studies with whole cells or purified enzyme. Scheme 1 was constructed for rapid screening of many samples or for comparative work. When doing careful quantitative or kinetic work, the procedure had to be changed. When working at 37 C, the only way to thermostat was to work in a room at 37 C, which is not very comfortable. To overcome this obstacle, enzyme and substrate were incubated outside the machine, and samples were taken at intervals and assayed for penicilloic acid in the Autoanalyzer. The difference in absorbance between two samples will thus be a direct measure of the difference in content of penicilloic acid of the two samples. This also enabled us to calibrate the method to give moles of substrate hydrolyzed by an enzyme preparation during a defined time period. When scheme 1 (Fig. 1) was used, the solution of penicillin was exchanged for buffer. Thus, it was easy to incubate an enzyme preparation in the presence of different substrate concentrations. It was also possible to determine the penicillinase activity of whole cells (see Fig. 5 ).
To increase the sensitivity, scheme 2 ( Fig. 2 ) was developed. In this scheme, the sensitivity is about 10 times that of scheme 1.
Enzyme units. One unit of penicillinase is the amount of enzyme which hydrolyzes 1 jMmole of substrate per min at pH 7.4 and 37 C (10).
RESULTS
Standard curves. The standard curves in Fig. 3 were obtained with the flow diagrams in Fig. 1 and  2 . As can be seen from Fig. 3 , the penicillin derivatives oxidized three to five times more iodine per mole than did the cephalosporins, compared with the twofold difference found by Perret (see reference 1). There was also a direct proportionality between the hydrolyzed substrates and the change in absorbance at 620 nm. The range of the linearity depended on where the base line of the starch-iodine complex was located onthe recorder. For benzyl penicillin in scheme 1 (Fig. 3) Reproducibility. In these experiments, the 0.5 M KOH was excluded between the different samples. As can be seen in Fig. 4 ture media (e.g., LB medium), on the other hand, consumed a considerable amount of iodine (see Table 1 and Fig. 5 ).
In the experiment described in Fig. 5, part A, E. coli K-12 strains Gil (wt) and GIlal (ampAl) were grown in LB medium at 37 C as described in Materials and Methods. At a cell density of about 5 X 108 cells/ml (100 Klett units), the culture was chilled and divided into two parts. One part was centrifuged and washed twice in 0.9 % (w/v) NaCl and the bacteria were resuspended in 0.1 M phosphate buffer, pH 7.4 Fig. 5, (Fig. 1) was used with the solution of penicillin exchanged for buffer.
b LB medium of Bertani (2) supplemented with medium E of Vogel and Bonner (14) , B1 (1 1sg/ml) and 0.2% glucose.
c The salt medium of Vogel and Bonner supplemented in this case with: thiamine, 1 ,ug/ml; glucose, 0.2%; DL-methionine, 0.050 mg/ml; DLvaline, 0.050 mg/ml; and DL-isoleucine, 0.050 mg/ml. d The bacteria were grown in LB medium as described in Materials and Methods, harvested at 100 Klett units (5 X 108 cells/ml), washed twice in 0.9% saline, and resuspended in 0.1 M phosphate buffer, pH 7.4, to the same concentration.
Materials and Methods. In early logarithmic phase, penicillin G was added (final concentration, 150 jsM). Growth was followed, and samples were withdrawn and assayed for penicilloic acid. It was thus found to be possible to measure the the hydrolysis of penicillin by growing cells.
From Fig. 3 , it is apparent that complete decolorization is obtained by 200 Am substrate, which means that it is quite possible to follow the hydrolysis of as little as 10 to 20,ug of penicillin per ml in a physiological experiment with growing cultures (cf. Fig. 5 ).
The lag in hydrolysis of penicillin G shown in Fig. 5B is not due to induction of the enzyme penicillinase. Details of this lag time and the decrease in growth rate also shown in Fig. 5B were presented by L. G. Burman (Thesis, Univ. of Umea, Umea, Sweden).
Kinetic studies of purified enzyme. With the flow diagram in Fig. 2 , it is possible to detect very small amounts of hydrolyzed substrate. Our enzyme had very low Km values for the penicillin derivatives (about 6 mm for D-ampicillin; 10) , and therefore this flow diagram was used. The results of such an estimation were reported previously (10) .
Screening for activity in the eluates for column chromatography experiments. In the procedure VOL. 1, 1972 on The bacteria were grown in LB-medium as described in Materials and Methods, and were harvested in the logarithmic phase at a density of 5 X 108 cells/ml (100 Klett units). Substrate (2 ml of 2.5 mM penicillin G) was mixed with 0.2 ml of sample, incubated in a waterbath at 37 C, and analyzed (scheme 1) after the indicated times. Symbols: A, 0.2-ml sample from the harvested culture of strain Gllal at 100 Klett units; final cell concentration in the reaction mixture was about 5 X 107 cells/ml; A, 0.2 ml of growth medium only; 0, 0.2-ml sample of strain Gllal harvested and washed twice in 0.9% (w/v) NaCl and resuspended in 0.1 M phosphate buffer, pH 7.4; final cell concentration was about 2 X 107 cells/ml; 0, 0.2 ml of0.1 M phosphate buffer; *, 0.2-ml sample of wild-type strain GIl, harvested, washed, and resuspended in plhosphate buffer; final cell concentration was about 8 X 107 cells/ml. (B) Cells of strain Gllal were grown in 18 ml ofminimal medium as described in Materials and Methods. In early logarithmic phase, 2 ml ofprewarmed penicillinl G, 1.5 mM, was added (indicated zero time). Growth (0) was followed, and 0.5 ml of sample was withdrawn and assayed for penicilloic acid (0), scheme 1. Fig. 6 ), and when the enzyme activity was located these samples were manually diluted in buffer and assayed again (part B). This time, we used 0.5 M KOH and buffer between the samples, the same buffer as used in the eluate. Conversion of penicillinase activity into units of enzyme. When the enzyme activity was measured with scheme 2, the slope of the line was directly correlated to the unit defined (see Materials and Methods). The change in 1 min of the absorbance was converted by use of the standard curves to units of enzyme. As the enzyme reaction in scheme 1 takes place at room temperature (about 23 C) and in a different buffer, and as the incubation time is fixed but not exactly known, it was necessary to measure the same sample in both schemes to correlate the peaks with units of enzyme. We used a conversion factor determined in the following way: a change in absorbance at 620 nm of 1.0 corresponded to 6.5 x 10-2 units/ml in the sample.
DISCUSSION
Comparison of different methods for determination of penicillins. An enzymatic reaction can be followed by measuring the decrease of the substrate or the increase of the product formed. There exist many methods for estimation of penicillin and penicillin destruction. Among these methods, reviewed by Hamilton-Miller et al. (8) , the hydroxylamine method belongs to the class which measure the disappearance of the substrate. The spectrophotometric method of Jansson (9) is also of this class. On the other hand, the microiodometric method of Novick (11) and the radioactive method (4, 10) used by us depend on the recording of the product formed.
With the hydroxylamine method, it is possible to use relatively large concentrations of substrate and penicillinase. The hydroxylamine does, however, react with compounds other than penicillins. Despite its lack of specificity, the method is valuable, e.g., for obtaining absolute rates of breakdown of penicillins. The spectrophotometric method is the only assay for penicillinase which allows a continuous and direct recording of the enzyme activity. The ultraviolet absorption of the enzyme preparation can, however, disturb the readings. The radioactive method (4, 10) has the great advantage of being absolutely specific for enzymes which cleave the ,B-lactam ring. However, it is rather time-consuming and the sensitivity is dependent on the specific activity of the labeled substrate. The microassay of Novick (11) can be used with very low levels of substrate and penicillinase. These conditions are needed in kinetic studies. Novick (11) reported that his microassay gave an underestimate of penicillinase activity as compared with the standard iodometric assay. However, this discrepancy is an experimental artifact that can be overcome as described by Sykes and Nordstrom (13) .
The results of Fig. 3 show that penicillins consume three to five times more iodine than cephalosporins. This is in contradiction to published values which are around two. However, Sykes and Nordstrom (13) have shown that the iodometric equivalent obtained for cephalosporins is about two times higher if starch-iodine is present throughout the reaction, as is the case in the Novick method, than if starch-iodine is added after the hydrolysis of the substrate (as in Fig. 3 ). This difference was attributed to the instability of the hydrolysis products.
Benefits of the automatization of this method. In the automated method described in the present paper, a correct value of penicillinase activity is obtained when samples are taken at intervals and assayed for penicilloic acid. Some hydrolysis of the substrate takes place when the sample is passing through the Autoanalyzer. The decolorization of the starch-iodine complex does not go to completion. However, each sample is treated in exactly the same way. Hence, the difference in absorbance between two samples gives a correct estimate of the difference in penicilloic acid content of the two samples when the calibration curves of Fig. 3 are-used.
In the earlier automated iodometric methods for determination of penicillin (3, (5) (6) (7) , the sample is treated with iodine which could in our case influence the reaction between penicillinase and its substrates. To overcome this and also to avoid errors in the determination of P, the colorimetric equivalent for penicilloic acid (11), we have adapted this microassay to the Autoanalyzer system. In this closed system, all samples are treated in the same way, and those compounds which interfere with the starch-iodine complex are thus carefully controlled. In our kinetic studies, the enzymatic reaction occurring in the mixing coil Ml (Fig. 2) has been minimized (about 10-fold lower compared with Fig. 1 ) by cooling the decolorization reaction and using only one mixing coil.
The advantage of the automatization of this micromethod is the combination of rapid analysis and sensitivity of the method used. Moreover, it has been possible to measure the penicillinase activity of rather low and high concentrations of bacteria. The method is sensitive enough to allow VOL. 1, 1972 the determination of penicillinase activity of wildtype bacteria or even lower activities (penicillinasenegative bacteria) as reported by Burman (Thesis).
We have used this method for determination of penicillinase activity, but of course it is also possible to use it for determination of penicillins or cephalosporins in the sample, if these are first hydrolyzed as in Fig. 3 . However, the reaction products of the hydrolysis of cephalosporins are not stable (13) , which makes the quantitation of cephalosporinase activity somewhat uncertain.
Applications-The automated method described in this paper can be used for many purposes. For example, it can be used to screen column eluates for penicillinase activity and to test mutants with changed production of penicillinase. The 
